Abstract: In this study, changes in the molecular structure of a sheath-core polyethylene (PE)/polypropylene (PP) bicomponent monofilament were investigated using different fractions of sheath or core components. The melt complex viscosity of sheath PE showed a greater shear thinning behavior than core PP. For both as-spun and drawn filaments, the crystal structure of sheath PE developed better than that of core PP. In the as-spun monofilament, the core PP crystal structure did not develop well, while sheath PE showed a more developed crystal structure. Further, sonic velocity indicating the molecular orientation increased upon drawing but was rarely dependent on the sheath PE fraction for both as-spun and drawn monofilaments.
Introduction
Monofilament is a single filament used for industrial processes that differ from those used for apparel, which are multi-filaments [1−3] . Most monofilament contains circular cross-section, but shaped monofilament can also be manufactured if required. Polyethylene (PE), polypropylene (PP), polyamide (Nylon) and poly(ethylene terephthalate) (PET) are common polymers used for generation of monofilament. Monofilament is usually manufactured via a melt spinning process; however, coagulation solution is generally used as quenching medium instead of air [3] . Monofilament manufacturing equipment requires a long distance from extrusion to take-up owing to the long distance of the coagulation bath and drawing line.
Monofilament can be used to make apparel, artificial hair, fishing lines and nets, cosmetic brushes, thermal bonds and sutures. Additionally, so called fancy yarn for apparel use and mesh fabrics for shoes, bags and furniture textiles are made of monofilament. Mesh fabrics of monofilament have coarser fabric density than normal woven fabrics because of difficulty in increasing picks in the weft and warp due to their thicker diameters.
Sheath-core monofilament can be spun by bicomponent spinning. If low melting polymer is used as the sheath, the monofilament will have thermal bonding properties. Unlike homo monofilament, sheath/core monofilament imparts thermal bonding properties to fabrics during post processing and can therefore provide dimensional stability. The use of thermal bonding sheath/core monofilament removes the need for additional chemical adhesives during post processing and hence reduces production costs and is good for environmental protection. Moreover, thermoplastic monofilament is easy to recycle. There have been several reports [4−6] of sheathcore multifilaments; however, very few investigations of sheath-core monofilament have been conducted to date. Therefore, in this study, changes in the molecular structure of sheath-core PE/PP monofilament containing different amounts of sheath PE and core PP were investigated.
Experimental

Materials and Sample Preparation
PE (Daehan petrochemicals, Korea) for sheath and PP (Honam petrochemicals, Korea) for core are used, where MI of PE and PP are 1.5 and 17, respectively. Amount of PE varied from 10 to 50 wt% for every 10 wt%. Extrusion conditions are summarized in Table 1 . Take-up velocity was 25 m/min. As-spun monofilament was drawn with the draw ratio of 15 at 100 o C.
Characterization
Rheological properties of PE and PP were measured by parallel plate rheometer (ARES, Rheometrics, Australia) at 250 Crystal size of (hkl) plane was calculated by [7] : (1) where, D hkl is the crystal size of the (hkl) plane, K the Scherrer constant, λ the wave length, H hkl the half width, and θ the Bragg angle.
Attenuated total reflection/Fourier transform infrared (ATR/ FT-IR) spectra were recorded on an IFS-66V/S infrared spectrometer (Bruker, Ettlingen, German) at a resolution of 1 cm -1 between 650 and 4000 cm -1
. A SiC-Glow bar light source and a deuterated L-alanine doped triglycine sulfate (DLATGS) detector were used. Sonic velocity was measured by using dynamic modulus tester LH-551DMT (LawsonHemphill, USA) under a tension of 5 g [8] . Transit time at twenty points was measured every 1 cm to calculate sonic velocity. Figure 1 shows the complex viscosity at 250 o C for PE and PP at angular frequencies ranging from 0.1 to 100 rad/sec. Even though the measuring temperature was very high compared to the melting temperature of PE, PE has greater viscosity than PP due to very low its MI. The viscosity of PE shows shear thinning behavior, whereas PP only shows shear thinning at very low angular frequencies (<1 rad/sec) and Newtonian behavior at frequencies of 1 to 100 rad/sec. 
Results and Discussion
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The viscosity of PP behaves differently from that of normal PP showing shear thinning at higer frequency. Figure 2 shows WAXS profiles for both as-spun and drawn PE/PP monofilament. In undrawn PE/PP sheath/core monofilament, crystal structure development of PE is more prominent than that of PP because PE can form crystal structures easier than PP due to its more linear structure. PE also has a more flexible structure than helical structured PP and is therefore easier to crystallize than PP. During the spinning process, tensile stress (rheological force) acting on running filament is more concentrated on PE due to its higher viscosity (Figure 1 ).
In the case of as-spun monofilament, little change in the crystal peak of PP was observed, irrespective of the amount of PP. The WAXS patterns of as-spun monofilament show one major peak at 2θ =14 o for the PP (110) crystal plane [9] and two characteristic peaks at 2θ =21 o and 24 o for the PE (110) and (200) planes [10] , indicating weaker crystal structure development for the PP core of as-spun monofilament. Whereas the crystal structure of the PE sheath developed relatively well. The WAXS profiles of drawn filament reveal different behavior from those of undrawn monofilament. Specifically, both PE and PP crystal structures were developed by drawing. The (110) plane of PP became more prominent and the crystal planes of (040) at 2θ =16.9 o and (130) at 2θ = 18.5 o for PP [9] newly appeared during drawing. For the PE sheath, a slightly more developed (200) plane was observed. Figure 3 shows the changes in crystal size of the (110) plane of both as-spun and drawn monofilament for PE and PP, respectively. The crystal size increased for drawn monofilament, which was attributed to crystal structure development by drawing and it was prominent for PP. Larger crystal sizes lead to decreases in crystal defects. The crystal size of the (110) plane of the PE crystal was larger than that of the PP crystal for both as-spun and drawn monofilament. The theoretical size of the (110) plane in the unit cell of PP was larger than that of PE due to its helical molecular structure. However, in this study, the lateral crystal size of PE observed upon WAXS was larger than that of PP. This was because the crystal structure development of the PE sheath was more prominent than that of the PP core.
For as-spun monofilament, the PE crystal size increased sufficiently with increasing PE weight fraction, whereas the PP crystal size changed little with decreasing PP weight fraction. After drawing, a slight change in the crystal thickness of the PE sheath was observed, regardless of the PE weight fraction. For the PE sheath of as-spun monofilament, tensile stress on the spin line due to the higher viscosity of PE affects the crystal development; therefore, the crystal thickness increases with increasing PE weight fraction. However, in the case of PE with weight fractions of 0.4 and 0.5, the crystal thickness of the PE (sheath) did not change in response to drawing. This occurred because the crystal structure of the PE of as-spun monofilament developed sufficiently well. Hence, the crystal thickness changed little, regardless of the increase in crystallinity. Figure 4 shows DSC thermograms containing two separate melting endotherms for PE and PP. For as-spun monofilament, a larger change in the heat of fusion was observed for PE than for PP due to the more developed PE crystal (Figure 3) . Table 2 shows the melting temperature and heat of fusion from the DSC thermograms. The melting temperature was found to be dependent on drawing, with higher melting temperatures being observed for drawn monofilament for both PE and PP due to crystal structure development by the extension of molecular chains. The melting temperatures of drawn filament were around 133 o C for sheath PE and 170 o C for core PP. Working temperature of this sheath/core monofilament as adhesive fiber is predicted to be in the range of 140 to 150 o C. The heat of fusion was calculated by considering the weight fraction of each component and The crystallinity in Figure 5 was obtained from the heat of fusion of perfect PE and PP crystals (PE=277.1 J/g, PP=209 J/g) [11, 12] . The heat of fusion of the PE sheath in as-spun filament increased as its fraction increased, whereas that of PP changed little. It Table 2 . Melting temperature and heat of fusion of sheath-core PE/PP monofilament PE weight fraction is likely that little change in the heat of fusion occurred as the weight fraction of PE increased because the change in the heat of fusion is mainly dependent on drawing. However, the heat of fusion of PE increased slightly as its weight fraction increased, indicating an increase in crystallinity. It may occur because more stress-induced crystallization during spinning and drawing occurs in PE than in PP due to the high melt viscosity of PE. As shown in Figure 1 , the viscosity of PE is higher than that of PP; thus, the tensile stress of the sheath is higher than that of the core during spinning and drawing. As a result, the crystallinity in the sheath increased more than that in the core. Figure 6 shows the characteristic PE [13] and PP [14, 15] FT-IR spectra between 650 and 4000 cm -1
. The 2915 and 2850 cm -1 bands are the -CH stretching bands of PE [13] . The 1470 and 730 cm -1 bands reflect the CH 2 scissoring and CH 2 rocking of PE, respectively [13] . The spectra of PE are clearly shown in Figure 6 (a). The absorption peaks of PE are much higher than those of PP, which was likely because PE was located in the sheath. ATR FT-IR measures the reflection of the samples; therefore, the absorption intensity of sheath polymer is stronger, especially for undrawn thick monofilament.
The 997 cm -1 band reflects the vibrations of a helical conformation (trans-gauche-trans-gauche) of PP [14] and the 972 cm -1 band is known to be a very stable band for PP [15] . The FT-IR spectra of the drawn monofilament show the characteristic peaks of PP with relatively small absorption intensity around 800 to 1200 cm -1 ( Figure 6(b) ), whereas almost no PP FT-IR spectra were observed in undrawn monofilament (Figure 6(a) ). Figure 7 shows the FT-IR spectra in greater detail from 800 to 1200 cm -1 , indicating PP absorbance peaks. The absorption peaks of as-spun and drawn monofilament differed, with the as-spun sheath-core monofilament producing very weak intensity peaks and the drawn monofilament generating prominent FT-IR peaks of PP. The diameter was reduced by drawing, causing the thickness of the sheath layer to become thinner. Hence, core PP could be detected for drawn monofilament. Figure 8 shows the sonic velocity indicating the average molecular orientation of the sheath/core monofilament. Sonic velocity is the ratio of separation distance to transit time. In this study, sonic velocity was measured instead of birefringence due to difficulty in determining the retardation of the sheath/core bicomponent filament. The sonic velocities of fully drawn monofilaments are larger than those of as- . PE weight fraction is also indicated. spun filaments due to the increase in molecular orientation; however, they are not dependent on the PE fraction. Because PE and PP polymers have a similar sonic velocity [16] , the sonic velocity of the PE/PP sheath/core monofilament is not affected by the PE fraction. While crystal development can be affected by the composition of sheath and core components, there is little effect of composition on molecular orientation.
Conclusions
Sheath/core bicomponent monofilament composed of PE (sheath) and PP (core) was prepared by spinning and separate drawing and molecular structural changes were investigated in response to varying PE weight fractions. With increasing the PE composition, the crystal structure of PE was more developed than that of PP. The crystal structure of the sheath PE for both as-spun and drawn filament revealed that the sheath PE crystal structure developed well compared to the core PP. The molecular orientation increased by drawing, but it was not affected by the sheath/core weight fraction.
